Abstract -Selenium deficiency (Keshan Disease) and toxicity diseases in humans occur within 20 km of each other in Enshi District in China and have been linked to environmental levels of Se. Low concentrations of Se are associated with Jurassic siltstones and sandstones, whereas high concentrations occur in areas underlain by Permian carbonaceous strata. Although these broad relationships between Se in the environment and the human population have been established previously, not all villages underlain by the carbonaceous strata suffer Se toxicity problems and the precise controls on Se distribution and availability have not been quantified. In the present study soil, grain, drinking water and human hair samples are examined to determine the controls on Se availability in three Se environments in Enshi District. Five low-Se and Keshan Disease villages, five high-Se and no toxicity villages and five high-Se and toxicity villages were selected for the study. Results show that the majority of samples in the low-Se villages are deficient or marginal in Se and that Se availability to plants is inhibited by adsorption onto organic matter and Fe oxyhydroxides in soil. Therefore, remediation strategies involving the application of Se fertiliser direct to the soil may not increase plant Se levels as expected. In the highSe villages, localised lithological variations result in considerable ranges in Se concentrations in all sample types. Deficient and excessive levels of Se are recorded samples from the same village. Selenium bioavailability in the high-Se toxicity villages is controlled by the total soil Se concentration and pH. A greater proportion of the Se is plant available in villages where the carbonaceous strata are interbedded with limestone. Villagers should be advised to avoid planting crops in these areas if possible.
disease (Johnson et al. 1996) . Following a peak in incidence rates in 1969 (106 cases), the number of cases has fallen. Current incidence rates for the disease are unknown as no medical investigations have been carried out in recent years. No occurrences of Kaschin-Beck Disease have been reported in the Enshi area. Yang et al. (1983) compared levels of Se in soil, food and human Se-status indicators from the Enshi area with other regions of China and demonstrated that the endemic Se intoxication of humans in Enshi was related to the occurrence of Permian Se-enriched carbonaceous strata. These comprise interbedded carbonaceous shales (known locally as "stone coal"), carbonaceous siliceous rocks, limestones and dolostones of varying carbon contents (Zheng et al., 1992) (Table 1 ). Selenium concentrations in soil, food and human samples from areas underlain by carbonaceous strata were up to 1000 times higher than in samples from Se-deficient areas where KD was prevalent. Although Yang et al. (1983) speculated that the water-soluble (plant available) portion of soil Se may be influenced by several factors, including total soil Se, organic matter, iron content and soil pH, the impact and relative importance of these geochemical factors was not quantified.
These studies did not provide a detailed evaluation of the relationships between environmental Se concentrations and human Se status at the village level. In particular, they did not elucidate why some villages underlain by carbonaceous strata had several cases of Se toxicosis whereas other villages sited in apparently similar geological and geochemical environments had no recorded cases of human or animal toxicosis.
The current study was designed to address these knowledge gaps and to use the new information on geochemical controls to identify strategies which may help to enhance the Se status of residents in Se-deficient areas and reduce the risk of Se toxicity to people living in the high-Se areas of Enshi District.
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METHODS
Sampling Strategy
During the present study, fifteen villages from three Se environments in Enshi District were investigated (Figure 2) . Soil, grain, drinking water and human hair samples were collected from five Low-Se-Keshan-Disease villages (LK), five High-Se-No-toxicity (HN) villages, and five High-Se-Toxicity (HT) villages. This sampling strategy was designed to establish the relationship of the human Se status of communities (represented by hair samples) and their dietary Se intake (represented by staple grain and drinking water samples) to the local geochemical environment characterised by cultivated soils. Where possible, soil, grain and hair samples were collected from the same farm.
Soil Sampling
Five composite near-surface (10 -30 cm, below A 0 ) soil samples were collected from each village. Each composite soil sample comprised four sub-samples collected in the same field. Using the assembled sectional soil auger, four holes were made at the corners of a square. Where possible, this square had dimensions 20 x 20 m in accordance with IGCP 259 recommendations (Darnley et al., 1995) but many of the terraced fields in the area were smaller than this and in some fields it was only possible to separate the sub-sample holes by 3 -5 m. The sub-samples were homogenised on a plastic sheet and samples were stored in air-tight plastic containers to retain the moisture content. Sample sites were selected so as to cover all the topographic environments of arable land around each village and fields managed by different farmers. Duplicate samples were collected from 1 in every 10 sample sites.
Grain Sampling
Five maize-corn samples were collected from different grain stores in each village, corresponding, wherever possible, to farms where soils had been collected. It is common practice in the HN and HT villages to dry the corn over carbonaceous-shale fires before and during storage. Smoke from the fires is thought to contaminate the corn with Se (Mao and Su, 1993) . Duplicate samples were collected one in every ten samples.
Water Sampling
In each village, a spring used as a supply for drinking water was sampled. In the villages of Shadi (HT1) and Huabei (HT2), the population had been advised not to drink the spring water due to the high Se content, but the springs were sampled anyway to determine the local hydrogeochemical environment. Duplicate samples were collected at 1 in every 5 springs. At each spring, the following suite of water samples was collected: (i) three 30 ml 0.45 µm filtered water samples for multielement analysis; (ii) one 30 ml unfiltered water sample for pH and Eh determinations; and (iii) one 250 ml unfiltered water sample for bicarbonate and conductivity determinations.
Samples collected for multi-element and Se analysis were acidified by the addition of 0.3 ml ARISTAR grade nitric and hydrochloric acid, respectively, thus preventing adsorption of dissolved metals to the interior walls of the storage bottle and minimising post-sampling microbial activity. Eh, pH, bicarbonate and conductivity determinations were carried out at the end of each day's sampling.
Hair Sampling
Approximately 10 g of hair was collected from the nape of the neck. Where possible, samples were taken from five individuals from different families corresponding to the farms where soil and grain samples had been collected. Individuals of a range of ages were sampled, and age, health, disease and medication details were recorded (Fordyce et al., 1998) .
Analysis
Soil samples were dried at a low temperature of 35 °C for 6 -12 hours to avoid loss of Se through volatilisation. The soils were disaggregated to pass a 2 mm nylon sieve mesh and were ground in an agate vibrating-cup mill to < 150 µm. Total (hydrofluoric-nitric-perchloric digestion) and water-soluble Se in soils were determined by hydride generation Atomic Fluorescence Spectrometry (AFS). Partial (nitric-perchloric digestion) soil Ca, Cd, Cu, Fe, Mg, V and Zn concentrations were determined by ICP-AES (Fordyce et al., 1998) .
Soil pH was determined on a paste (of specific consistency) of the unprepared samples to which deionised water had been added (Fordyce et al., 1998) .
Soil loss on ignition (LOI) measurements were carried out on powders dried at 35 ˚C before being placed in a furnace and kept at 450 °C for a minimum of four hours.
Total organic carbon concentrations (TOC) were determined in fifteen selected soils by LECO CS125 Carbon Analyser. Dried samples were ground and accurately weighed into LECO crucibles and treated four times with hot 10% hydrochloric acid (HCl) to remove oxidised carbon. The samples were washed four times with deionised water and then dried in an oven at 60 °C prior to analysis. The instrument was calibrated with a standard LECO carbon steel ring of 0.815% carbon content. An internal claystone standard with a TOC content of 2.5% was included in the analysis. Maize-corn samples were ground in a Waring blender for 2 minutes. The possible effects of Se contamination from carbonaceous-shale smoke during the grain-drying process employed in high-Se areas were assessed by washing one grain sample from the LK, HN and HT village groups prior to preparation and analysis. The samples were coned and quartered. One quarter was retained for reference, one quarter was washed twice with 1% HCl; one quarter was washed twice with deionised water, and one quarter remained unwashed prior to being processed along with the other samples.
The amounts of Se in the wash solutions from the LK villages, where grain is not dried over carbonaceous-shale fires, are similar to those from the HN and HT villages (Table 2) . Furthermore, the amount of Se present in the HCl wash solutions is not consistently greater than the amount present in the deionised water wash solutions, as would be expected if the grain surfaces were contaminated with carbonaceous-shale smoke. The amount of Se in the wash solutions of the HN and HT samples as a proportion of the levels in grain is extremely small (< 0.005%) but the amount in wash solutions of the LK villages is greater (1 -2.5%) ( Table 3 ). This reflects the far lower levels of Se in grain samples from the LK villages and is not related to contamination by carbonaceous-shale smoke. As a result of these determinations the grain samples were not washed prior to analysis.
Hair samples were washed twice in deionised water and allowed to dry on clean plain paper. Once dry, the hair was cut into 2 -4 mm lengths with a pair of clean stainlesssteel scissors and homogenised prior to analysis. Total-Se determinations by AFS in grain and hair samples were based on a nitricperchloric attack.
Following initial acidification, water samples underwent no further treatment prior to AFS analysis for Se. Chloride, NO 3 and SO 4 were determined in the unacidified samples by ion chromatography.
In all cases, data quality was assured by the inclusion of certified reference materials in the analytical runs and by selected repeat measurements ( Table 4 ). The limits of detection for Se analysis by AFS in each sample type are given in Table 5 .
Data Processing
In order to carry out statistical analyses of the data, results for analytical and field duplicates were averaged, and rice-paddy soil results were removed from the datasets once a comparison between rice-paddy soils and maize-corn soils was completed. Spearman Rank non-parametric correlation coefficients were calculated for statistical analysis, as these are less sensitive to outlying values than product moment (Pearson) correlation coefficients. In addition to correlation coefficients, factor analysis was used to indicate relationships between variables.
LOI is used as an indicator of organic-matter content in soils, as a close correlation was noted between LOI and total organic-matter content ( Figure 3 ). Assuming that TOC generally accounts for 58% of the organic matter in soils, the organic-matter content can be calculated by multiplying the TOC values by 100/58 (Rowell, 1994) . LOI correlates closely (R 2 = 0.862) with TOC and organic matter in the soils but the LOI values are higher than the TOC and organic-matter values (Figure 3 ). At most, organic matter accounts for 63% of the LOI in the Enshi soils. The disparity between organic-matter content and LOI is probably due to the loss of water from clay minerals during ignition. Rowell (1994) reports that LOI can be used as an estimate of organic-matter content in sandy soils but may be up to twice the organic-matter content in heavy textured soils because clays and sesquioxides lose 'structural' water between temperatures of 100 and 500 °C.
End of smaller text
RESULTS AND DISCUSSION
Soils
It has been suggested (Yang et al., 1983) , that the incidence of selenosis in the 1960's was related in part to a drought which resulted in the failure of the rice crop. Villagers were forced to grow maize-corn on dry rice-paddy fields. In general maize-corn contains more Se than rice, however it is also suggested that the maize-corn accumulated more Se, probably as a result of the oxidation of Se 2-and Se 0 to more bioavailable Se 4+ and Se 6+ under dry conditions (Yang et al. 1983) . During the present study, ten rice-paddy soils were sampled to assess the chemical characteristics of soils under the waterlogged conditions necessary for rice cultivation. No consistent difference in soil chemistry between the rice paddies and other fields is apparent in the HN and HT villages, but in the LK villages the paddy soils generally have higher total Se and pH and contain lower Fe and Ca than the maize-corn soils (Figure 4 ). Selenium availability in the environment is controlled by several factors. The main parameters affecting Se uptake from soils to the food chain include geology, pH and Eh conditions, Se speciation, organic matter and clay content, and the concentrations of Fe, P and sulphur (McNeal and Balistrieri, 1989) .
The influence of geology on Se distribution in Enshi District, is evident from the results for total and water-soluble (bioavailable) Se in soil and for total Se in water, grain and hair, which indicate that Se levels in the HN and HT villages are 17 to 690 times those in the LK villages ( Figure 5 and Table 6 ). These results confirm the findings of previous investigations demonstrating that low levels of Se are associated with Jurassic siltstones and sandstones which outcrop on the north-west of Enshi District whereas high environmental Se occurs in areas underlain by Permian carbonaceous strata. Selenium-deficient and Se-toxic environments occur within 20 km of each other and are fundamentally controlled by the underlying geology.
There are broad ranges in total and water-soluble Se concentrations in the HN and HT villages, in Luojiaba (HN1) and Bajiao (HN2) in particular (Figure 6 ), indicating the localised influence of geology within villages on soil Se levels.
In the LK villages, the stronger correlation between total Se and LOI (r = 0.611) than between total Se and pH (r = -0.453) and the lack of a significant (95% confidence level) correlation between total Se and Fe, suggest that organo-complexing of Se is a more important control on total-Se chemistry than Fe concentration or pH (Table 7) . Soil pH is lowered as the organic-matter (and associated Se) content of soil increases, as expected; hence the negative relationship between total Se and soil pH (Table 7) .
Soil water-soluble Se correlates negatively (95% confidence level) with Fe (Table 7) . This is to be expected, as Se held in the form of Fe oxyhydroxides is less available for plant uptake (Mikkelsen et al., 1989) .
In the HN and HT villages, soil Se levels reflect the distribution of the carbonaceous strata. The highest Se levels are associated with high levels of other elements common in carbonaceous rocks, such as Cd, Cu, F, Hg, S, V and Zn, also with high levels of organic matter (Table 8 ). The association between high levels of Se in soil and organic matter is probably a reflection of bedrock geochemistry rather than the complexing of soil Se by secondary biologically derived organic matter.
Factor analysis was applied to the data for soils (Table 9) . High factor loadings (> 0.500) indicate significant associations between variables and each factor (Factor 1, 2, 3) represents a linear combination of related variables. The importance of each factor is indicated by the proportion of variability, therefore a factor accounting for 30% of the variance is more important that a factor representing 15% of the variance. In both the HN and HT villages, there are strong associations between Cd, Cu, V, Zn, total Se and water-soluble Se (Factor 1 HN and HT, factor loadings > 0.500, Table 9 ). This association, which probably represents the geological control on soil trace element chemistry, accounts for approximately 50% of the variance and is therefore highly significant. This factor also demonstrates the relationship between the bioavailability of Se (indicated by water-soluble Se) and soil total-Se levels.
In both the HN and HT villages, the second factor indicates a strong relationship between pH and Ca as expected (Factor 2, HN and HT, factor loading > 0.500, Table  9 ). In the HT villages, the second factor grouping also includes soil water soluble Se indicating that soil pH is an important control on Se bioavailability (HT Factor 2, Table 9 ). In the HT villages, the negative association between water-soluble Se with Fe and LOI (HT Factor 3, Table 9 ) suggests that to some extent Se availability may be restricted by adsorption onto Fe oxyhydroxides and secondary biologically derived organic matter, but these results should be treated with caution due to the low significance of this factor (variance proportion = 15%) and the moderate factor loading for water-soluble Se (-0.336, HT Factor 3, Table 9 ).
Water
Differences in anion dominance between the LK and HN/HT villages reflect regional geological variations, SO 4 and HCO 3 anions being more prevalent in waters associated with the sulphide-rich carbonaceous shales and limestones of the HN and HT villages (Table 10) . Selenium concentrations in water in the HN and HT villages are 46 to 194 times those in the LK villages (geometric mean results) ( Table 6 ). The maximum Se concentration (275 µg/l) occurs in Huabei (HT2) which greatly exceeds the World Health Organisation (WHO) maximum recommended concentration of 10 µg/l in drinking water (WHO, 1984) . Villagers have been provided with an alternative water supply in this village.
Grain
Concentrations of total-Se in grain (maize-corn) in the HN and HT villages are 99 to 690 times those in the LK villages (geometric mean values) (Table 6 ), indicating the fundamental control of geology at a regional level on concentrations of Se in staple food crops in the Enshi area.
The wide ranges in total and water-soluble soil Se content noted in Luojiaba (HN1) and Bajiao (HN2), are reflected in maize-corn total-Se levels for these villages, confirming that localised variations in soil chemistry within villages can significantly affect the amount of Se entering the food chain (Figure 6 ).
In the HT villages, levels of maize-corn total-Se in Xin Tang (HT3) and Yu Tang Ba (HT4) are higher than would be predicted from the total and water-soluble Se contents of soil ( Figure 6 ). Levels of Cd, Cu, P, Se and V are lower in these two villages than in the rest of the HT villages, whereas soil Ca and pH are higher (Fordyce et al., 1998) . This suggests that limestone rather than carbonaceous shale dominates the soils collected in Xin Tang (HT3) and Yu Tang Ba (HT4). Although levels of total Se in soil are lower than in the other HT villages, levels of Se are high (2.7 -8.9 µg/g) compared to most soils in China (< 0.125 -0.4 µg/g, Tan, 1989) . The combination of relatively high Se in soil associated with the carbonaceous strata and higher soil pH due to the presence of limestones probably accounts for the greater proportion of water-soluble Se in soil and greater uptake of Se by maize-corn in these villages ( Figure 6 ).
Hair
Total-Se concentrations in hair in the HN and HT villages are, respectively, 17 and 87 times (geometric mean values) the values in the LK villages, indicating the strong environmental control on human Se status in the Enshi area (Table 6) .
Total-Se concentrations in hair vary considerably within individual HT villages, reaching a maximum of 141 µg/g in Shadi (HT1) (Figure 6 ). It was not always possible to collect grain samples from villagers whose hair had been sampled, particularly in the LK villages, and this may explain why trends in hair Se chemistry in these villages do not relate to trends in grain total Se (Figure 6 ).
Variations in hair total Se in the HN and HT villages correspond to variations in total Se in grain and water, with the exception of samples from Yu Tang Ba (HT4). The inhabitants of this village had only been resident for 3 months and did not consume grain from the village. The results for hair clearly define the lower Se status of this population supporting the link between dietary Se intake and hair Se levels ( Figure 6 ).
Hair Se concentrations in Luojiaba (HN1) and Bajiao (HN2) are higher than in other HN villages, reflecting greater concentrations of Se in soil, grain and water samples in these two villages.
Deficient, Marginal and Excessive Levels of Selenium
On the basis of previous investigations into human Se imbalances carried out in China, threshold levels in various sample types indicative of low and toxic Se diseases have been defined (Tan, 1989) . Applying these levels to the Enshi area, most samples in all five LK villages are deficient or marginal in total Se in soil, watersoluble Se in soil and total Se in grain (Table 11 ). In contrast, most hair Se values in the LK villages are marginal, suggesting that dietary sources other than locally grown maize-corn may contribute significantly to human Se intake. The population in the LK villages may be at risk from Se deficiency if these other dietary sources of Se are not maintained and enhanced.
Most samples in nine out of ten HN and HT villages surpass the excessive threshold value for total Se in soil. Luojiaba (HN1), Bajiao (HN2), Shadi (HT1), Huabei (HT2) and Xin Tang (HT3) have a greater proportion of excessive water-soluble Se concentrations in soil than the other HN and HT villages (Table 11 ). The remaining HN villages are marginal or deficient in water-soluble Se in soil, and grain levels in these villages do not surpass the excessive threshold.
Local lithological changes result in considerable variations in Se concentrations in all sample types at the individual village level. Villages can contain both deficient and excessive levels of Se in soil and grain, making the assessment of Se toxicity risk difficult. The proportion of crops grown on relatively low or very high Se soils in an individual village may, in part, determine which individuals within villages are at risk.
The levels of Se found in hair, and therefore the potential selenosis risk, in Luojiaba (HN1) and Bajiao (HN2) are comparable to levels in the HT villages and yet, no selenosis has been reported in these villages. It is likely that other factors have prevented the occurrence of selenosis in these villages. Yang et al. (1983) reported higher levels of Se in maize-corn than in rice and markedly greater concentrations in vegetables than in cereal crops grown in the Enshi high-Se area. Selenium levels in hair are, therefore, probably influenced by the proportions of vegetables, rice, maize-corn and other foods in the diet. The consumption of food from outside the high-Se area will also affect the Se status of the population. Yang et al. (1983) indicated that the worst outbreaks of human selenosis occurred in Enshi District during the early 1960's and coincided with a period of drought and rice crop failure. It is suggested that the shortage of food, greater proportion of vegetables and maize-corn and the lesser proportion of protein in the diet at this time contributed to the incidence of the disease (Yang et al., 1983) . These factors may also explain why selenosis occurred in some villages with high environmental levels of Se and not in others.
CONCLUSIONS
Geology is the main control on Se and other trace element distributions in soil in Enshi District. Most trace elements and other soil parameters (pH and organic matter) are higher over the carbonaceous and limestone rocks of the HN and HT villages than over the sandstone bedrock of the LK villages.
Selenium in soil in the LK villages is strongly adsorbed by organic matter, and complexing with Fe oxyhydroxides also restricts bioavailability. Most of the soil and grain samples in the LK villages are deficient in Se, whereas most hair samples have marginal Se concentrations. The present incidence of KD in the LK villages is unknown, but the results of this study suggest that the population may be at risk from Se deficiency disorders and measures may need to be taken to enhance Se levels in the diet of the local population.
In the LK villages it is recommended that a dietary survey be carried out to determine the range of Se intake of the local population. Should a survey confirm that the daily Se intake is below 40 µg/day (UK Lower Dietary Nutrient Reference Intake, MAFF, 1997) then remedial action involving the use of Se fertilisers to increase grain, vegetable and farm animal Se concentrations would be recommended as a precautionary measure.
The relative benefits of adding Se fertiliser to soil or applying direct to crops should be investigated, as the results of the present study and other investigations carried out in China (Johnson et al., 1996) strongly suggest that soil Se in low-Se environments is fixed by organic matter and is therefore not readily bioavailable. As a result, the addition of Se fertiliser to soil may not increase crop Se levels.
In the HN and HT villages, Se levels in soil reflect the distribution of Se-rich carbonaceous strata. Selenium bioavailability (water-soluble Se) is dependent on total-Se levels in soil and on pH. Levels of Se in grain increase as the water-soluble Se content of the soil increases in the HN and HT villages. It is possible that, in some villages, higher Ca and pH, indicating a greater abundance of limestone bedrock, make Se more available for plant uptake.
Selenium concentrations can vary from deficient to toxic in the same village. Individuals at highest risk may be those with fields sited directly over carbonaceous strata or areas where limestones increase the availability of Se, whereas neighbours with adjacent fields on surrounding siliceous rocks are less at risk.
Despite the high levels of Se found in the population of the HN and HT villages, no incidences of selenosis have been reported in recent years in Enshi District. This suggests that the local population may have adapted to the high Se intake or that, although Se levels in soil, grain, water and hair samples give an indication of the potential risk of human Se toxicity problems, other factors may precipitate the onset of human selenosis. Previous investigations have shown that Se concentrations in various foodstuffs grown in the high-Se areas vary markedly and are greater in vegetables and maize-corn than in rice. Factors such as dietary composition and the consumption of foods from outside the high-Se areas will affect the Se status of the population as well as external pressures such as drought and food shortages. In the HN and HT villages, it is recommended that, where possible, villagers should avoid cultivating high-Se soils directly underlain by carbonaceous strata. In particular, villagers should be discouraged from growing vegetables adjacent to outcrops of the carbonaceous strata. However, it is recognised that population pressure may require all land in a village to be cultivated. The local population should also be encouraged to reduce the proportion of high-Se foods in the diet and to increase the percentage of produce from outside the high-Se areas.
FIG. 1. Location of Enshi and the KD incidence belt (shaded) in China
(modified after Crounce et al., 1983) . ----------------------------------------------------------------------------------------------------------------------- Table 7 .
Spearman Rank correlation coefficients for selected soil parameters in the LK villages. ------------------------------------------------------------------------------------------------- In each case for HN and HT villages, number of variables = 11, number of factors = 3, number of cases = 25, degrees of freedom = 65, factor extraction method = principal components. Data were log transformed to reduce the influence of outlying values prior to statistical analysis. Variance % values ≤ 10 should be treated with caution. 
